Epigenetic silencing of endogenous retroviruses (ERVs) is initiated by KRAB-ZFP-KAP1-SETDB1 repression complexes during early mammalian development. On the basis of biochemical evidence from histone H3.3-knockout embryonic stem (ES) cells, Elsässer et al. 1 reported that histone H3.3 is deposited at KAP1-SETDB1-targeted ERVs by the chaperone DAXX-ATRX complex and that this deposition is required to repress ERV transcription and retrotransposition. However, our re-analysis of the published data revealed little evidence of genome-wide ERV upregulation in H3.3-knockout ES cells, and, more importantly, that the ES cells used for the analysis include polymorphic ERV insertions, which probably reflect a mixed genetic background and compromises their use for ERV expression and re-integration analysis. Thus, despite the strong evidence for H3.3 deposition at KAP1-SETDB1-targeted ERV elements, it remains to be determined whether this deposition plays a major role in preventing ERV reactivation. Fig. 1a, b) , we have concerns about the authors' conclusion that H3.3 knockout leads to increased ERV expression 1 . Intracisternal A-type particle (IAP) ERVs were upregulated less than 1.5-fold in the two tested H3.3-knockout ES cell lines compared with a single wild-type line, and ERVK10C ERVs showed a modest upregulation (approximately 2-fold) in only one of these lines 1 . By contrast, IAPs and ERVK10C are upregulated 14-and 99-fold in Setdb1-knockout ES cells, respectively 2 , with comparable levels of ERV reactivation observed in Kap1-knockout ES cells 3 . As Elsässer et al. 1 presented expression data of H3.3-knockout ES cells for only a small selection of ERVs 1 , we re-analysed the published H3.3-knockout RNAsequencing (RNA-seq) datasets to obtain an expanded picture of ERV reactivation. Notably, we found that the number of annotated ERV families that are upregulated in H3.3-knockout ES cells approximately matches the number of ERV families that are downregulated in these cells (Extended Data Fig. 2a) . Furthermore, comparing ERV expression in the two H3.3-knockout ES cell lines reveals that an up to 1.5-fold difference in expression is within the variation 'noise' between two ES cell lines of the same genotype (Extended Data Fig. 2b ). If H3.3 directly represses ERVs, ERV upregulation in H3.3-knockout ES cells and H3.3 enrichment at these elements in wild-type ES cells should be positively correlated. However, in contrast to H3K9me3 enrichment and ERV upregulation in Setdb1-knockout ES cells, our re-analysis does not support such a correlation for H3.3 (Fig. 1a, b) . Moreover, the vast majority of ERVs that are upregulated in Setdb1-knockout ES cells are not convincingly upregulated in H3.3-knockout ES cells (Fig. 1c and Extended Data Fig. 3 ), indicating that this histone variant is generally dispensable for KAP1-SETDB1-mediated ERV silencing. Curiously, the only robustly re-activated ERVs in H3.3-knockout ES cells, namely class III MERVL elements, are not enriched in H3K9me3 or H3.3 in wild-type ES cells (Fig. 1a, b) , suggesting that the strongest effect of H3.3 knockout on ERV expression is indirect.
Epigenetic silencing of endogenous retroviruses (ERVs) is initiated by KRAB-ZFP-KAP1-SETDB1 repression complexes during early mammalian development. On the basis of biochemical evidence from histone H3.3-knockout embryonic stem (ES) cells, Elsässer et al. 1 reported that histone H3.3 is deposited at KAP1-SETDB1-targeted ERVs by the chaperone DAXX-ATRX complex and that this deposition is required to repress ERV transcription and retrotransposition. However, our re-analysis of the published data revealed little evidence of genome-wide ERV upregulation in H3.3-knockout ES cells, and, more importantly, that the ES cells used for the analysis include polymorphic ERV insertions, which probably reflect a mixed genetic background and compromises their use for ERV expression and re-integration analysis. Thus, despite the strong evidence for H3.3 deposition at KAP1-SETDB1-targeted ERV elements, it remains to be determined whether this deposition plays a major role in preventing ERV reactivation. There is a Reply to this Comment by Elsässer, S. J. et al. Nature 548, http://dx.doi.org/10.1038/nature23278 (2017).
Elsässer et al. 1 reported that H3.3 is deposited at ERVs by the H3.3 histone chaperone DAXX in mouse ES cells 1 . While we were able to confirm DAXX-dependent H3.3 deposition at ERVs in a newly generated conditional Daxx-knockout ES cell line (Extended Data  Fig. 1a, b) , we have concerns about the authors' conclusion that H3.3 knockout leads to increased ERV expression 1 . Intracisternal A-type particle (IAP) ERVs were upregulated less than 1.5-fold in the two tested H3.3-knockout ES cell lines compared with a single wild-type line, and ERVK10C ERVs showed a modest upregulation (approximately 2-fold) in only one of these lines 1 . By contrast, IAPs and ERVK10C are upregulated 14-and 99-fold in Setdb1-knockout ES cells, respectively 2 , with comparable levels of ERV reactivation observed in Kap1-knockout ES cells 3 . As Elsässer et al. 1 presented expression data of H3.3-knockout ES cells for only a small selection of ERVs 1 , we re-analysed the published H3.3-knockout RNAsequencing (RNA-seq) datasets to obtain an expanded picture of ERV reactivation. Notably, we found that the number of annotated ERV families that are upregulated in H3.3-knockout ES cells approximately matches the number of ERV families that are downregulated in these cells (Extended Data Fig. 2a) . Furthermore, comparing ERV expression in the two H3.3-knockout ES cell lines reveals that an up to 1.5-fold difference in expression is within the variation 'noise' between two ES cell lines of the same genotype (Extended Data Fig. 2b ). If H3.3 directly represses ERVs, ERV upregulation in H3.3-knockout ES cells and H3.3 enrichment at these elements in wild-type ES cells should be positively correlated. However, in contrast to H3K9me3 enrichment and ERV upregulation in Setdb1-knockout ES cells, our re-analysis does not support such a correlation for H3.3 (Fig. 1a, b) . Moreover, the vast majority of ERVs that are upregulated in Setdb1-knockout ES cells are not convincingly upregulated in H3.3-knockout ES cells (Fig. 1c and Extended Data Fig. 3 ), indicating that this histone variant is generally dispensable for KAP1-SETDB1-mediated ERV silencing. Curiously, the only robustly re-activated ERVs in H3.3-knockout ES cells, namely class III MERVL elements, are not enriched in H3K9me3 or H3.3 in wild-type ES cells (Fig. 1a, b) , suggesting that the strongest effect of H3.3 knockout on ERV expression is indirect.
Although even a subtle difference in ERV expression could be biologically important, it is possible that secondary effects of H3.3 knockout or clonal variation are responsible for the observed weak phenotype in H3.3-knockout ES cells. More importantly, the genomic copy number of active ERVs, including IAPs, differs widely in inbred mouse strains (described in detail below) and their expression is influenced by genetic background. Given the low level of upregulation reported previously 1 , and the fact that mice of mixed genetic background (C57BL/6 and 129) were used to generate the single wild-type and two knockout ES cell clones used in the study 1 , we conclude that the data as originally provided do not convincingly support a requirement for H3.3 in transcriptional silencing of ERVs.
The modest level of IAP derepression in H3. among inbred mice [4] [5] [6] [7] , that is, copies can be present in only one or a few strains. We were therefore concerned that the authors sequenced genomic DNA from wild-type and H3.3-knockout ES cell lines of mixed 129 and C57BL/6 origin, mapped the identified IAP elements to the reference C57BL/6 genome, and concluded that elements not mapping were novel insertions 1 . Furthermore, these experiments did not involve sequence-based elucidation of target site duplications, as is standard.
To determine whether the reported de novo IAP copies actually comprised pre-existing polymorphic IAPs, we intersected the genomic coordinates of these copies with the coordinates from two previous studies 6, 7 . Indeed, all of the 'wild-type only' and 'wild-type and H3.3-knockout' IAPs reported 1 were present in 129 mice in one or both datasets. For the 80 'H3.3-knockout only' IAP copies, 16 were found in 129 strains and therefore excluded from further analysis.
However, we found 47 of the remaining 64 'H3.3-knockout only' copies in various other mouse strains, but not in 129 or C57BL/6, and only 17 were not present in the published datasets 7 (Supplementary Table 1 ). This indicates that H3.3-knockout ES cells have a complex genetic background that includes additional laboratory mouse strains. To verify these insertions, we performed a more stringent re-analysis of the relevant whole-genome sequencing data using our own pipeline (described in the Supplementary Methods). We identified 37 out of the 47 polymorphic and 13 out of the 17 potentially new IAP copies (Supplementary Table 1 ). The majority of these IAP copies were found in multiple mouse strains, indicating that they were misannotated polymorphic IAPs and not de novo retrotransposition events. Notably, we also found 8 of the IAP copies reported as H3.3-knockout only 1 to be present in both wild-type and H3.3-knockout ES cells, as well as in various other strains, including 129 (Supplementary  Table 2 ). Moreover, 6 out of 10 randomly chosen polymorphic and putative new IAP copies could be readily detected in CD-1 feeder DNA ( Fig. 2 
Methods
Conditional Daxx-knockout ES cells were generated by CRISPR-Cas9-mediated loxP insertion into ES cells carrying a 4-hydroxytamoxifen-inducible Rosa cre-ERT allele. Native chromatin immunoprecipitation followed by sequencing (ChIP-seq) was performed with Daxx-knockout ES cells carrying a retrovirally delivered YFP-tagged H3.3 expression construct as described previously 2 . ERV expression and ChIP-seq analysis were performed as described previously 2 and in the Supplementary Methods. For IAP integration analysis, genomic DNA from CD-1 feeders (StemCell Technologies) and 129/SvJ mice (Jackson Laboratory) was screened by PCR using primers shown in Supplementary BRiEf COmmuNiCatiONs aRisiNg BRiEf COmmuNiCatiONs aRisiNg and RLTR10C (depending on the specific genomic copy), which are also presented among the graphs. Similarly, IAPEz-int is the internal region of IAPEz elements with flanking cognate LTRs: IAPLTR1_Mm and IAPLTR1a_Mm, which are also represented. As the internal region is much longer and transcribed across its length, this is the most useful annotation to consider for expression analysis. The following published RNA-seq GEO data were re-analysed: GSM727424 (Setdb1-knockout ES cells); GSM1428580 and GSM1428581 (H3.3-knockout ES cells). Only ERV groups with more than 100 family members were considered for analysis. ). The H3.3-knockout and wild-type ES cells used in our study 1 were generated from a mixed background (129 and C57BL/6) ES cell line.
BRiEf COmmuNiCatiONs aRisiNg
Using published 3, 4 and unpublished data, we found that 97 out of 116 sites called de novo overlapped with a previously observed polymorphism in at least one reference strain, predominantly the 129 strain. We conclude that these sites are pre-existing in our mixed ES cell background. Of the remaining sites, 17 putative insertions were unique to H3.3-knockout line 1 (KO1 2 question our transcriptional analysis. Originally, we focused on a set of well-studied ERV elements (IAP, early transposon (ETn), MusD, and long interspersed nuclear element (LINE) L1 as a non-ERV control). Here, we provide comprehensive statistical analysis of 118 repeat sequences including 45 ERV families. In addition, we include our RNA-sequencing (RNA-seq) data from one control and two H3.3-knockout and -depleted (H3.3f3a short hairpin RNA (shRNA), H3f3b −/− ) ES cells (single genetic C57BL/6 background) 12 . Similar to H3.3-knockout cells, H3.3-depleted ES cells show reduced H3K9me3 at ERVs (Extended Data Fig. 1) .
We subjected two control and four H3.3-depleted RNA-seq datasets (σ ≥ 0.97, Extended Data Fig. 2a ) to differential expression analysis with DESeq 5 (P < 0.05). We identified 15 differentially expressed repetitive elements including 14 ERV families (P = 3.46 × 10 −6 ), with 13 elements upregulated and two elements downregulated in H3.3-depleted ES cells (Fig. 2a, Extended Data Fig. 3a) . Upregulation of ERV families (13 out of 14) is statistically significant and non-random (P = 0.0037). Among the upregulated ERVs are IAPEz, IAPEy, ERVK10C, RLTR1B, RLTR4 and RLT6, which are all highly enriched in H3.3 and H3K9me3 ( figure 1 and extended data figure 1 of ref. 1) . With the exception of highly abundant ETn-family transcripts, ERVs enriched in H3.3 are also upregulated in the absence of H3.3 (P = 4.1 × 10
, Fig. 2b) . In addition to ERV upregulation, we observed upregulation of ERV-proximal genes and chimaeric transcripts, including an 8-50-fold increase in the previously described Cyp2b23 transcript 6 , in all H3.3-deficient ES cells ( figure 4b, c of ref. 1) .
Because the ATRX-DAXX complex deposits H3.3 at ERVs and is implicated in ERV silencing [7] [8] [9] , we compared transcriptional changes as a result of H3.3, DAXX or ATRX deletion. Analysing three independent pairs of wild-type and Daxx-knockout RNA-seq datasets (Fig. 2c, Extended Data Figs 2b, 3b) , we identify 11 differentially expressed repeat families (P < 0.05) that were upregulated 2-4-fold. Enrichment of upregulated ERV families is statistically significant and non-random (P = 4.9 × 10 −4 ), and exhibits high overlap with H3.3 knockout (Fig. 2e, f) . Analysis of one matched wild-type and Atrxknockout RNA-seq dataset showed upregulation of RLTR1B and IAPEz (Fig. 2d) Our analysis differs from Wolf et al.
2
. We analyse coherent repetitive transcripts (combining contiguous long terminal repeats (LTRs) and internal regions of each ERV instance) and filter low-expression families supported by fewer than 10 reads in total. Wolf et al. 2 analysed LTR and internal ERV sequences separately, even though only a small part of any ERV transcripts maps to the LTR. We used DESeq, which allows robust normalization and statistical testing and avoids biases of reads per kilobase per million (RPKM)-based normalization 5, 11 . Conversion of read counts to RPKM for small elements such as LTRs leads to overestimation of read coverage. The elements plotted in extended data figure 2 of ref. 2 centre around 0.1 RPKM. At 40,000,000 mapped reads (our wild-type ES cell RNA-seq dataset), 0.1 RPKM corresponds to 30 reads over a full-length ERV (7 kb), but only 1-2 reads over an LTR (300 bp). Thus, the analyses performed by Wolf et al. 2 (specifically in figure 1 and extended data figures 2, 3 of ref.
2), Figure 1 | PCR analysis of non-annotated IAP insertions. PCR primers were designed within 100 bp of the integration site mapped by paired-end sequencing. Heterozygous ERV insertions are expected to give rise to a band roughly corresponding to the size of the repeat element in addition to a short genomic product (around 100-200 bp, see Supplementary  Table 1 ). PCR analyses were run using NEB Taq DNA polymerase with a 10-min elongation time for 35 cycles. PCR products were run on 1% agarose gels with a Life Technologies 1 kb Plus DNA ladder. Sites 2-18 were not found in the available datasets. Sites 19-29 were very close, but did not overlap with previously annotated polymorphic integration sites. PCR patterns for KO1 and KO2 are nearly identical, thus the tested insertions did not arise after H3.3 deletion. are prone to include data with fold-change values calculated on a statistically insignificant number of reads.
In conclusion, our data support a role for H3.3 and ATRX-DAXX in the maintenance of interstitial heterochromatin and transcriptional silencing. We apologize for the oversight leading us to conclude that loss of H3.3 leads to increased retrotransposition 1 . We are grateful to D. L. Mager for bringing this to our attention. This error does not alter our main conclusion that H3.3, through the ATRX-DAXX-deposition pathway, plays an unexpected role in ERV heterochromatin maintenance.
Methods
Repeat loci were acquired from UCSC tables (RepeatMasker mm9). Using the Cistrome Galaxy (http://www.cistrome.org/Cistrome/Cistrome_Project. html), intervals were clustered to obtain one contiguous interval for each gene/ transcription unit (effectively combining LTRs and internal regions of ERVs). To exclude simple repeats, solo-LTRs and other repeats without transcription units, elements shorter than 2 kb after clustering were removed from the analysis. A control analysis was performed without filtering to confirm that it does not alter overall statistics. A total of 71,026 loci were obtained that consist of 264 repetitive sequences (mainly LINEs and ERVs) occurring at around 1-10,000 copies in the reference genome. RefSeq gene coordinates were downloaded from UCSC tables.
RNA-seq reads were mapped to the mm9 genome using Bowtie2 (with parameter-fast-local), and read counts per gene and repetitive element were collected using the bedtools multicov command. Subsequent analysis was performed in R/DESeq (data and R script can be downloaded from https:// github.com/simonelsasser/Elsasser_2015_Nature_RNA-Seq). Read counts over all instances of a repeat family were aggregated. Repeat families supported by fewer than 10 reads in any of the conditions were removed from the analysis, retaining 99.95% of the total reads mapping to 118 repeat families. Of the 147 non-expressed repeat families removed from the analysis in this step, 40 were present in 10 or more genomic copies. As an example, the total read count over the IAPLTR4_I repeat family, present in 14 copies, was between 2 (wild type) and 14 (KO2). Performing a control analysis without filtering showed that, except for removing low-confidence measurements, filtering did not change the overall normalization or statistics.
DESeq analysis was performed with its default workflow and parameters (normalization, variance estimation, differential expression analysis). Where datasets from different studies were combined, two types of analysis were performed to calculate two P values: first, datasets for control and knockouts were treated as replicates and a simple statistical test for differences in expression between the two conditions was performed using the nbinomTest function. Second, a multifactor analysis was performed to test for the contribution of series and condition to differential gene expression using fitNbinomGLMs and nbinomGLMTest functions. The latter is expected to perform better if datasets are 
